Complementary metal oxide semiconductor (CMOS) technology offers batch manufacturability by ultra-large-scaleintegration (ULSI) of high performance electronics with a performance/cost advantage and profound reliability. However, as of today their focus has been on rigid and bulky thin film based materials. Their applications have been limited to computation, communication, display and vehicular electronics. With the upcoming surge of Internet of Everything, we have critical opportunity to expand the world of electronics by bridging between CMOS technology and free form electronics which can be used as wearable, implantable and embedded form. The asymmetry of shape and softness of surface (skins) in natural living objects including human, other species, plants make them incompatible with the presently available uniformly shaped and rigidly structured today's CMOS electronics. But if we can break this barrier then we can use the physically free form electronics for applications like plant monitoring for expansion of agricultural productivity and quality, we can find monitoring and treatment focused consumer healthcare electronicsand many more creative applications. In our view, the fundamental challenge is to engage the mass users to materialize their creative ideas. Present form of electronics are too complex to understand, to work with and to use. By deploying game changing additive manufacturing, low-cost raw materials, transfer printing along with CMOS technology, we can potentially stick high quality CMOS electronics on any existing objects and embed such electronics into any future objects that will be made. The end goal is to make them smart to augment the quality of our life. We use a particular example on implantable electronics (brain machine interface) and its integration strategy enabled by CMOS device design and technology run path.
INTRODUCTION
According to the World Health Organization (WHO), nearly 20% of the world's population suffers from various neurological illnesses including but not limited to Alzheimer's Disease, multiple sclerosis, autism, dementia, paralysis, epilepsy, traumatic brain injury and such. Neuropsychiatric disorders are among the leading causes of worldwide disability in young people. 1 It is thus imperative to study and understand the neurological condition of our brain. According to US National Academy of Engineering, one of the grandest engineering challenges of the 21 st century is development of high-resolution high-performance implantable electronics and their placement in the intracranial space and on the brain's soft tissue. 2 By gathering neurological signals generated in the brain, such systems can offer invaluable information. If we enhance the functionality of such systems for stimulation then they can provide critical clinical therapeutic to Parkinson's disease and other neurological disorders. 3, 4 Still, a convenient mobile system for chronic use is yet to be developed that can monitor the neurological activities. We show a new way to develop a Brain Machine Interface (BMI) system that will be (i) implantable but non-penetrating, eliminating possibility of hemorrhage and inflammatory tissue responses; (ii) physically flexible to be compliant on asymmetric soft surfaces of the brain; (iii) ultra-dense high-performance, ultra-low-power CMOS electronics integrated for large area mapping and high-resolution data acquisition; (iv) fully implantable (wireless data transmission and power supply) and (v) for chronic use with ease (portable and no wire out after implant). Before discussing our proposed system and research methodology in detail, we first provide a brief status-quo survey on various methods available today for brain machine interfacing.
Historically, the field of neuroscience advanced through the groundbreaking discovery of functional magnetic resonance imaging (fMRI) which helped developing important understanding of the brain's activities. 5 Similar advances in realtime monitoring of neuronal activity also happened through confocal microscopy and two photon techniques. 6, 7 Next, positron emission tomography yielded molecular level neuroimaging features. 8 Additionally, development of optogenetics 9 , optically transparent molecular interrogation 10 , miniaturized fluorescence microscopy for cellular-level brain imaging in freely moving animals 11, 12 , and transgenic strategies for neurons 13 has advanced the field appreciably in the recent past. Although they are mostly non-invasive, these technologies are often too large and too heavy to be portable. Finally they are prohibitively expensive for wide deployment.
Electroencephalography (EEG) is a form of surface conformal neural interface systems. [14] [15] [16] [17] It is non-invasive. It applies arrays of electrodes over the scalp using conducting pastes or gels. Physically EEG is not feasible for long periods of operation as the gels or pastes dry out. Also the acquired signals are often of poor quality.
Penetrating through the skulls into the brain, micro-needle electrode arrays (popularly known as Utah arrays 18 ) offer high-resolution interfacing to a small area of cortex and enable high-performance neuromotor prostheses 19 . But, they can function for a limited time (6-12 months 20 ) due to the diminishing signal quality on most electrodes, penetration related hemorrhage and inflammatory tissue responses from the immediate insertion area [21] [22] [23] .
In contrast, highly flexible arrays of non-penetrating subdural electrodes in Electrocorticography (ECoG) have unique advantages due to their placement on the cortical surface. They maintain signal quality over extended periods of time with minimized irritation and injury to brain tissues [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] . Furthermore, the gathered information from the recorded signal are comparable to that of the penetrating microelectrodes [35] [36] [37] . Still massive wiring limits its spatial resolution to 196 electrodes in 12.3 mm 2 area 38 . Integration of functionalities like wireless, remote power supply, massive parallelism, single-cell reading, longevity of electrodes are desired features for such system. Therefore, in future, large-scale compliant BMI systems for chronic use with high temporal and spatial precision of recordings over large cortical surface are critical. A physically flexible fully wireless implantable integrated BMI system with all the required electronic components remains as an elusive goal. Specially, data management electronics are mainly silicon based complementary metal oxide semiconductor (CMOS) electronics due to their superior electron transport property, maturity in CMOS processing and reliability. Although organic/molecular electronics achieve unprecedented flexibility and low cost, and graphene or other two dimensional materials show higher mobility and flexibility -for wide deployment of BMI systems, silicon CMOS can play crucial role. They offer high-performance data processing, relatively low power operation and ultra-large-scale-integration (ULSI) density in a relatively costeffective manner. However, they are bulky and rigid in their physical form. Commercially available ultra-thin silicon can be flexible but crystalline defects in such silicon are prohibitively high to achieve high-performance. Also, they are too lightweight and thin making them unusable for safe-handling and high thermal budget processing due to rapid physical deformation caused by residual stress build-up. Finally they are highly expensive. Buffered substrates like silicon-oninsulator (SOI) (including ultra-thin and extremely-thin: UT/ETSOI) can provide high quality sophisticated ultra-scaled electronics [39] [40] [41] by removing the buffer layer (most often buffer oxide) but they are far more expensive than that of bulk mono-crystalline silicon (100) which is used for 90% of the silicon electronics manufacturing. Alternate orientation silicon substrates can be used like Si (110) or Si (111) 42 . However, the former has lower electron mobility (whereas 65% of the transistors in a circuitry depend on high electron mobility) and the latter has more defects to yield comparable performance to that of a Si (100) substrate. Finally they are more expensive than that of traditional bulk Si (100) substrates. From a performance/cost perspective although bulk Si (100) offers great advantage, their <111> orientation vertical plane with the highest crystalline density makes it extremely difficult to be etched for their layered release from the host substrate. To overcome this issue, semiconductor industries have periodically used a wafer thinning process called back grinding 43 to remove the bulk of the substrate from the back side of the substrate. The abrasive nature of this process can be destructive to fabricated devices thus limiting the final thickness of the substrate down to 50 mresulting in lower flexibility and inhibiting its compliance to an asymmetric soft surface such as the brain. Therefore, one key challenge in developing an integrated system integrating sensors and data management electronics is how to make every piece of electronics flexible.
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We report a pragmatic analytical approach to design implantable electronics. The reported research will open up opportunities for further scientific exploration to impact a broader multi-disciplinary community including (but not limited to): (i) the possibility of making the system transient (dissolvable) eliminating surgical extraction after aimed operation; (ii) a common physically flexible CMOS platform in the general area of implantable electronics for other healthcare applications with minimal changes in the hardware; (iii) new knowledge about the mechanical variability impact on electrical performance and reliability of flexible-stretchable electronics systems for implantable, wearable, epidermal purpose; and (iv) integration opportunity to employ energy harvesting, storage and data storage devices.
